In rats, social defeat by an aggressive opponent induces a state of anxiety, shown by a decrease in time spent on active explorative behaviour, an increase in immobility, a clear decrease in frequency of all active behavioural parameters (enhanced passivity).
Introduction
Social defeat by an aggressive male conspecific is a natural stressor which is known to induce a state of stress and anxiety as expressed by more immobility and less exploration (Koolhaas et al., 1995; Miczek et al., 1990; Koolhaas et al., 1997) . Such a defeat is known to induce acute and strong effects on cardiovascular and neuroendocrine activation, hyperthermia and behaviour (Miczek et al., 1990; Bohus et al., 1987; Tornatzky and Miczek, 1994) , and longer lasting effects on behavioural and physiological parameters (Koolhaas et al., 1990; Miczek et al., 1990; Meerlo et al., 1996a,b) . Social defeat also causes a variety of alterations in the daily rhythms, i.e., a sharp subsequent reduction in the amplitude of the daily temperature and activity rhythm, which lasted for at least 4 days (Meerlo et al., 1996b; Meerlo et al., 1997 Meerlo et al., , 2002 . Such rhythm disturbances may be due to effects of stress on sub-oscillators that are known to exist in many tissues, which are normally under the control of the SCN, or due to other effects of stress that mask the output of the circadian system.
Agomelatine (S 20098 ) is a new antidepressant active in preclinical models (Bertaina-Anglade et al., 2002; Papp et al., 2003) and with demonstrated clinical efficacy in major depressive disorders (Lôo et al., 2002) . The activity of agomelatine is independent of the time of administration and appears to involve a combination of its agonism at melatonin MT 1 and MT 2 (Yous et al., 1992; Ying et al., 1996; Conway et al., 2000) and antagonism at 5-HT 2C receptors (Cussac et al., 2002; Millan et al., 2003) .
Agomelatine shows a high affinity for cloned human receptors MT 1 and MT 2 subtypes (Ki = 6.2Â 10 À11 M and 2.7 Â 10 À10 M respectively), which is comparable to that of melatonin, and also binds to serotonin 5-HT 2C subtype (pKi= 6.15 ). In line with its melatonin agonist property, agomelatine has similar chronobiological properties as melatonin (Lewy et al., 1996; Benloucif and Dubocovich, 1996; Redman et al., 1983; Illnerova et al., 1989; Golombek and Cardinali, 1993) , and can resynchronize disrupted circadian rhythms (Armstrong et al., 1993; Redman et al., 1995; Martinet et al., 1996; Van Reeth et al., 1994; Weibel et al., 2000) as well as restore the phase shifting response to a dark pulse (Van Reeth et al., 2001) . The re-entraining activity of free-running rhythms by agomelatine is dose-dependent, and shows a clear relationship to plasma concentration of agomelatine (Martinet et al., 1996) . These chronobiological properties of agomelatine, like melatonin (Lewy et al., 1996; Benloucif and Dubocovich, 1996; Cassone et al., 1986) , are phasedependent and require the integrity of the suprachiasmatic nucleus of the hypothalamus (SCN) (Redman and Francis, 1998) . Like melatonin (Margraf and Lynch, 1993b) , agomelatine suppresses the firing rates of SCN cells in a dose-dependent manner (Ying et al., 1996) . Several studies have shown that human depression is often associated with a disturbance in circadian rhythms, and raised the hypothesis of a role for melatonin and melatonin agonists in the regulation of mood and in mood disorders. Clinical studies suggest that treatment with melatonin reduces preoperative anxiety (Naguib and Samarkandi, 2000) and studies in mice, rats report anxiolytic actions of melatonin Pierrefiche et al., 1993; Kopp et al., 1999 Kopp et al., , 2000 .
Agomelatine is also an antagonist at the 5-HT 2C receptor (IC50 = 2.7Â 10 À7 M) and a number of studies indicate that compounds antagonizing this receptor subtype exhibit anxiolytic activity. Kennett et al. (1997) have shown an anxiolytic profile of the 5-HT 2C specific antagonist SB 242,084 in the rat social interaction test and Geller-Seifter conflict test of anxiety. Similar activity has been demonstrated with the use of less selective antagonists, in the elevated plus-maze test (Rocha et al., 1994; Griebel et al., 1997; Mora et al., 1997) , the rat social interaction test (Kennett, 1992) , the rat Geller-Seifter and conflict tests (Cervo and Samanin, 1995; Kennett et al., 1994 Kennett et al., , 1995 Kennett et al., , 1996 Griebel et al., 1997) .
Collectively, given that social defeat causes a disorganization of internal rhythms in animals, and in view of the anxiolytic properties of melatonin and antagonists of 5-HT 2C receptors in the literature, one can hypothesize that the chronobiotic properties of agomelatine together with its 5-HT 2C receptors antagonist property could oppose the behavioural consequences of the social defeat.
The present study therefore explores the effects of acute or sub-chronic agomelatine on the initial anxiety behaviour obtained in the first few days after a social defeat. The effects of acute agomelatine were compared to those of melatonin. Finally, the chronobiological properties of agomelatine suggest that the mood affecting properties of agomelatine requires the integrity of the SCN. To test this hypothesis, the acute effect of agomelatine was examined on anxiety behaviour of SCN-lesioned and sham-operated rats subjected to social defeat.
Material and methods

Animals and housing
The present experiments were performed with male Wistar rats (n =133, 3-4 months of age at the beginning of the experiment) individually housed in cages (30 Â 40 Â 20 cm) with free access to food and water throughout the experiment. The animals were housed under light-dark conditions LD: 12:12h, with dark from 12.00 to 24.00 h. All manipulations were performed during the first half of the dark phase.
Food intake was recorded throughout the light-dark cycle, using a food-weighing system. The movements and the weight of the food hopper were recorded in bouts of 6 min and used as an indicator of the animals' rhythm.
Social conflict
All animals were exposed to a social defeat or a control procedure. In the bacuteQ experiment, all animals were exposed to first a control procedure and then a social defeat with 1 week in-between, i.e., a within subject design. In the bsub-chronicQ experiment, a between-subject design was used; the animals were exposed to either the control procedure or the social defeat.
Social defeat
The social defeat paradigm was performed as already described (Meerlo et al., 1996a) . Briefly, a male Wistar rat was placed in the home cage of a dominant wild-type rat. This resident was housed in a large home cage together with a female rat, to facilitate territorial behaviour. Before the experimental Wistar rat was introduced into the home cage of the resident, the female rat was removed. Generally, when the Wistar male rat was introduced in the cage, the resident investigated and attacked the intruder within 2 min. When the intruder showed clear submissive behaviour, e.g., lying on the back, the intruder was confined to a small wire mesh cage in the middle of the home cage during the remaining hour. Then the rat was returned to its own cage and brought back to the animal room.
Control procedure
A male Wistar rat was placed in a clean cage in a separate test room during 1 h, then was returned to its own cage and brought back to the animal room.
Post-defeat test
One day after the social defeat or the control procedure, the animals were subjected to a post-defeat test. Each experimental animal was brought again to the test room where the dominant rats were housed. The female rat was removed from the dominant cage, and the resident male itself was enclosed in a small wire mesh cage and placed in the middle of its territory. Subsequently, the experimental animal was introduced into the cage of the dominant rat from which it had lost the fight 1 day before, or, in the case of the non-defeated controls, an unknown dominant. During 10 min, the behaviour of the experimental animal was recorded on video tape. Using a standard ethogram, both the percentage time and the frequency of behavioural parameters were used for analysis.
Surgery
Animals received either an electrolytic lesion (n =26) in the region of the suprachiasmatic nucleus or were sham lesioned (n = 38) under halothane anaesthesia. Because of the elongated shape of the SCN, double bilateral lesions (2 m Amp, 10 s) were placed at the following co-ordinates: 0.9 mm posterior and 9.1 mm ventral to Bregma, 0.3 mm left and right from midline; 1.4 mm posterior and 9.1 mm ventral to Bregma, 0.3 mm left and right from midline.
For sham lesions, the electrode was inserted into the brain like during the lesion procedure, while no current was given.
After surgery, feeding rhythmicity was used to examine the success of the SCN lesion. The criterion for the success of the SCN lesion was that the SCN were totally destructed, while the rhythm was totally disturbed. At the end of the experiment, locations of the lesions were checked by histological examination on brain tissue sections.
Treatments
Acute effects of agomelatine and melatonin (experiment 1)
Five minutes prior to the post-defeat test, the animals were injected intraperitoneally with vehicle (cyclodextrin 40%) (n = 8), 5 mg/kg agomelatine (n = 8), 10 mg/kg agomelatine (n = 8), 5 mg/kg melatonin (n =8) or 10 mg/ kg melatonin (n = 8) in cyclodextrin solution. The solutions were freshly made maximally 4 h before the test.
Sub-chronic treatment with agomelatine (experiment 2)
Three days prior to the social defeat or the control procedure, standard food pellets were replaced by food pellets containing 750 parts per million (ppm) agomelatine (n = 6 social defeat and n = 6 non-defeat control), 1500 ppm agomelatine (n = 5 for social defeat and n = 6 for non-defeat control) or control food (n = 6 for both social defeat and control procedure).
Effects of agomelatine in sham-or SCN-lesioned rats
The animals were assigned to one of the following groups: a) Sham lesioned, vehicle control (40% cyclodextrin) b) Sham lesioned, agomelatine treatment (5mg/kg dissolved in 40% cyclodextrin) c) SCN lesioned, vehicle control (40% cyclodextrin) d) SCN lesioned, agomelatine treatment (5mg/kg dissolved in 40% cyclodextrin)
Vehicle control or agomelatine was administered via i.p. injection, 10 min prior to the post-defeat test.
After visual verification of the locations of the lesion, combined with the visual assessment of the feeding rhythms the number of animals in the non-defeated control groups were (a) n = 10; (b) n = 9; (c) n = 5; (d) n = 8, and in the social defeat groups (a) n =9; (b) n = 10; (c) n =7; (d) n =6.
Statistics
To test the overall effect of social defeat and pharmacological treatment on the behavioural parameters, a two-way ANOVA was performed with defeat condition and treatment as independent variables.
To test the effect of social defeat in itself on the percentage time and frequency of the behavioural parameters, a paired t-test (acute administration) or an independent samples t-test (sub-chronic treatment) was performed for the groups that did not receive pharmacological treatment as paired or independent variables.
To test the effect of pharmacological treatment after social defeat on the percentage time and frequency of the behavioural parameters, a Kruskal Wallis one-way ANOVA was used, with treatment groups as independent variables. Two-way ANOVA was performed to test the overall effect of SCN lesion, agomelatine treatment and the interaction (SCN lesion Â agomelatine treatment) after a social defeat and after the control procedure. Mann Whitney U tests were performed to test the effect of a social defeat in sham-lesioned non-treated and SCN-lesioned non-treated groups, the effect of SCN lesion within non-defeated nontreated groups, socially defeated, non-treated, non-defeated agomelatine treated and socially defeated agomelatine treated groups, and the effect of agomelatine treatment within sham-lesioned non-defeated, sham-lesioned socially defeated, SCN-lesioned non-defeated and SCN-lesioned socially defeated groups.
Results
Social defeat
Two-way ANOVA revealed an overall effect of defeat on the majority of the behavioural parameters. Defeated animals showed less exploration, increased immobility and increased investigation of the enclosed aggressive dominant. The effects of a social defeat were very consistent, as shown by the highly comparable results from acute and sub-chronic experiments. Fig. 1 shows the main effects of social defeat as measured in the groups that did not receive pharmacological treatment (vehicle controls). A social defeat caused a significant decrease in time spent on exploring behaviour (i.e., walking and investigating the dominant home cage) and a significant increase in time spent on sniffing the enclosed aggressive dominant. In the sub-chronic experiment, social defeat caused a significant increase in the percentage time spent on immobility and a significant decrease in time spent rearing.
Another striking effect of a social defeat was the decrease in the frequency of several behavioural parameters after a social defeat compared to the non-defeated control. In the acute experiment, the total number of switches from one behaviour to another (total frequency) was significantly decreased after a social defeat compared to the control procedure ( p b 0.05) (Fig. 2) . This decrease in total frequency was mainly caused by a significant decrease in frequency of the active components walking and investigating the home cage, while the mean time per bout for these behaviours was not changed. On the other hand, the frequency of the more passive components immobility and sniffing the enclosed dominant was unchanged while the mean time per bout of these behaviours was significantly increased after a social defeat (Fig. 3) .
In the sub-chronic experiment, the decrease in the overall number of behavioural switches in defeated animals was close to significance ( p b0.05) (Fig. 2) . Again, as in the acute experiment, the decrease in total frequency was the result of a significant decrease in frequency of the active components exploration and rearing. The time per bout of these behaviours was again unchanged (exploration) or even decreased (rearing). On the other hand, the frequency of immobility, investigating the enclosed aggressive dominant and stretching was unchanged or increased (immobility), while the mean time per bout of these more passive behaviours was increased (Fig. 4) . 
Acute effect of agomelatine and melatonin
In the social defeated animals, the percentage time walking was dose-dependently increased in agomelatine treated animals ( p b 0.05), while immobility behaviour was decreased, although not significantly. The percentage time exploring the enclosed aggressive dominant (sniffing dominant) was not affected by agomelatine treatment. Melatonin did not significantly affect the behaviour after a social defeat. However, the percentage time immobility shows a trend towards a decrease in the melatonin treated groups (Fig. 5 ). Neither agomelatine nor melatonin did affect the behaviour of the experimental rat after the control procedure.
The decrease in frequency of all behavioural switches in the defeated animals was normalised by agomelatine treatment in a dose-dependent manner ( p b0.05) (Fig. 6) . The increase in total frequency was caused by a significant dosedependent increase in frequency walking ( p b 0.05) while the mean time per bout walking was unchanged. The frequency of investigation of the enclosed aggressive dominant was also increased ( p b 0.01), but the mean time per bout of this component was decreased ( p b 0.05). Melatonin did not affect the frequency of the switches from one to another behavioural component after a social defeat. In the non-defeated control animals neither agomelatine nor melatonin did affect the total frequency.
Effect of sub-chronic agomelatine
Sub-chronic agomelatine treatment caused a dosedependent increase of the time spent on the active components exploring ( p b 0.01) and rearing ( p = 0.001) and a dose-dependent decrease of the time spent on investigating the enclosed aggressive dominant ( p b 0.05) in the experimental rat after a social defeat. Sub-chronic agomelatine treatment caused a non-significant trend towards less immobility (Fig. 7) . In the non-defeated control animals, sub-chronic agomelatine treatment had no effect.
After social defeat, the frequency of all measured behavioural parameters in total was, although not significantly, decreased. Sub-chronic agomelatine treatment caused a dose-dependent increase in this total frequency ( p b0.05) (Fig. 8 ). This increase in total frequency was caused by a significant dose-dependent increase in frequency exploring ( p b 0.01) and rearing ( p b0.01). The mean time per bout of exploring is unchanged, while the mean time per bout of rearing was even increased ( p b 0.01).
Social defeat and SCN lesion
SCN lesions neither affected the behaviour after social defeat nor after the control procedure. There were no significant differences between SCN-lesioned and shamlesioned animals, and the impact of social defeat was similar for SCN-lesioned and sham-operated animals. Fig. 9 shows the percentage time spent on walking, rearing, immobility and investigating the enclosed dominant as measured in the experimental rats 1 day after a social defeat or its control procedure. Two-way ANOVA revealed a significant effect of condition (social defeat or control procedure) on walking ( F 1,62 = 94.346; p b 0.001), immobility ( F 1,62 = 21.944; p b0.001), sniffing the cage ( F 1,62 =46.688; p b 0.001) and investigating the enclosed dominant ( F 1,62 = 25.064; p b0.001). The percentage time walking and rearing was significantly decreased in both sham-lesioned ( p b 0.001 and p b 0.001 respectively) and SCN-lesioned animals ( p b 0.001 and p b 0.01, respectively) after a social defeat compared to a control procedure. The percentage time immobility was significantly increased in both shamlesioned ( p b0.05) and SCN-lesioned animals ( p b 0.05) after social defeat compared to the control procedure. The percentage time investigating the enclosed dominant is significantly increased in SCN-lesioned animals ( p b 0.01) after a social defeat compared to a control procedure. In the sham-lesioned animals, this did not reveal statistical significance.
Social defeat, SCN lesion and agomelatine treatment
In the non-defeated control animals, agomelatine treatment had no effect on any of the behavioural parameters, neither in sham-operated nor in SCN-lesioned animals (Fig. 10) . The experimental animal showed mainly walking, sniffing the cage, rearing and investigation of the enclosed dominant.
In the defeated animals, agomelatine did have a clear effect but only in the sham-operated animals. Two-way ANOVA revealed a significant interaction effect (SCN lesionÂ agomelatine treatment) on walking ( F 1,62 = 4.257; p b0.05). In sham-operated socially defeated animals, agomelatine treatment caused a significant increase in percentage time walking ( p b0.05), and a significant decrease in percentage time immobility ( p = 0.01). In SCN-lesioned socially defeated animals, agomelatine treatment did not affect any of the behavioural parameters. as measured 1 day after a social defeat in both shamoperated and SCN-lesioned animals.
Discussion
Social defeat caused a clear reduction in behavioural activity, an increase in immobility and an increase in exploring the enclosed aggressive dominant, as measured 1 day after defeat. These social defeat-induced changes are clearly diminished by sub-chronic administration of agomelatine and to a lesser extent by its acute intraperitoneal administration. By contrast, the acute melatonin did not significantly affect the social defeat-induced behavioural changes.
The action of agomelatine in socially defeated animals as shown in sham-operated animals is not found in SCNlesioned animals. According to the suggestion that social defeat induces a state of stress and anxiety (Koolhaas et al., 1995; Miczek et al., 1990; Koolhaas et al., 1997) , the present study shows that agomelatine might have an anxiolytic or anti-stress action that requires the integrity of the SCN.
The defeat-induced decrease in frequency of all behavioural parameters together is an indication of an enhanced passivity, since this decrease is the result of a decrease in frequency of active behavioural components while the mean time per bout of these active components was unchanged. On the other hand, the frequency of more passive behavioural components was unchanged, while the mean time per bout of these components was increased. This increased passivity is consistent with behavioural changes after defeat observed in open field tests (Meerlo et al., 1996a) .
The social defeat-induced behavioural changes were clearly diminished by sub-chronic agomelatine treatment and to a lesser extent by a single agomelatine injection, as shown by an increase in time spent on active behaviour and a trend towards less time spent on more passive behaviour. The effect of agomelatine is even more clearly demonstrated by the increase in total frequency. Both the acute administration of agomelatine 5 min prior to the post-defeat test and the sub-chronic treatment 3 days prior to the social defeat, are effective. This indicates that the exposure to agomelatine during the post-defeat test is the most important factor in the anxiolytic/anti-stress action. Moreover, since agomelatine affects the behaviour of the experimental animal after a social defeat only and not after the control procedure, one may suggest that the effect of agomelatine is state dependent.
Melatonin was far less effective in the post-defeat test compared to agomelatine, although the effects of both melatonin and agomelatine were in the same direction towards more active behaviour. This difference in effectiveness might be related to a longer lasting action of agomelatine on neuron activity than melatonin itself (Ying et al., 1996) .
The mechanism behind the anxiolytic-like action of agomelatine is unknown, although several possible mechanisms can be suggested. The observed effects of agomelatine may be due to a specific and indirect effects on other behavioural and physiological mechanisms. However, experiments measuring body temperature and activity using radiotelemetry did not show any major effects of agomelatine, nor did we observe any effects on body weight. The most robust option might be that agomelatine acts via melatonin receptors, since it is a selective melatonin receptor agonist (Bonnefond et al., 1993; Dubocovich et al., 1993) . One of the primary brain sites, which might be involved in this anxiolytic action, is the SCN. Agomelatine treatment shows similar effects in sham-operated socially defeated animals as in un-operated animals. However, the anxiolytic-like action of agomelatine in socially defeated animals as shown in sham-operated animals is not found in SCN-lesioned animals. The SCN lesion in itself did not affect the behaviour, neither in defeated nor in non-defeated controls. Therefore, it seems that the defeat-induced behavioural changes and anxiety do not require an intact SCN. This is in line with findings of Meerlo et al. (1997) , who showed that defeat induced changes in activity and body temperature rhythm are not caused by direct alterations of clock function. The fact that the anxiolytic action of agomelatine is absent in SCN-lesioned animals suggests a direct action of agomelatine within the SCN, may be through the high density of melatonin receptors located in this nucleus. Moreover, agomelatine inhibits SCN neuronal firing (Ying et al., 1996) , and one may speculate that this neuronal inhibition affects the CRH secretion and consequently the behavioural response to stress. Another alternative concerns the serotonergic projection to the SCN and intergeniculate leaflet from the raphe nucleus (Moore, 1973; Meyer-Bernstein and Morin, 1996) . The raphe nuclei seem to be involved in activity-induced effects on SCN function (Kawano et al., 1996) . Moreover, the dorsal raphe nucleus contains a high density of 5-HT 1A receptors, which seem to play a crucial role in the physiological and behavioural adaptation to stress and anxiety (Deakin, 1991) . Therefore, the anxiolytic-like action of agomelatine might act indirectly via the 5HT 1A receptor located in the dorsal raphe. However, this hypothesis is not supported by recent data showing the inability of repeated administration of agomelatine to desensitise 5-HT 1A autoreceptor in the dorsal raphe as well as to affect the electrophysiological functioning of postsynaptic 5-HT 1A receptors (Hanoun et al., 2004) .
The SCN also contains a high density of 5HT 2C receptors (Rocha et al., 1994) , and agomelatine, as a 5HT 2C antagonist (Millan et al., 2003) , may act directly via these receptors. Actually, antagonists at this receptor subtype exhibit anxiolytic-like properties in different animal models (Rocha et al., 1994; Griebel et al., 1997; Mora et al., 1997; Kennett, 1992; Cervo and Samanin, 1995; Kennett et al., 1994 Kennett et al., , 1995 Kennett et al., , 1996 Kennett et al., , 1997 . However, sub-chronic agomelatine doses used here (750-1500 ppm) resulted in peak plasma concentrations ranging from 11-25 ng/ml and 18-35 ng/ml, respectively (Tuma et al., 2001) , corresponding to acute oral administration of 2.5 to 5 mg/kg (Martinet et al., 1996) . Thus, with regard to these relatively low doses, together with the low affinity of agomelatine for 5HT receptors relative to the affinity for melatonin receptors, participation of 5-HT receptors in the anxiolytic-like action of agomelatine may be only minor.
Another mechanism by which melatonin and agomelatine might act is the GABA-benzodiazepine receptor system since several studies have shown that the analgesic, anxiolytic, anticonvulsant and sedative effect of melatonin can be blocked by a benzodiazepine antagonist (Pierrefiche et al., 1993; Golombek et al., 1991a,b) . However, binding studies have revealed no affinity of agomelatine for benzodiazepine receptor sites and rats receiving agomelatine do not discriminate for diazepam (Wiley et al., 1998) . Thus, if any relationship with the GABAergic system, only indirect action of agomelatine should be hypothesized.
This study demonstrates that state of anxiety and passivity caused by a social defeat can be clearly reduced by a single agomelatine injection or a sub-chronic agomelatine treatment. The defeat-induced behavioural changes do not depend on the SCN but the anxiolytic-like action of agomelatine requires the integrity of the SCN. Finally, the anxiolytic activity reported here makes agomelatine a promising candidate in treating anxiety symptoms associated with depression.
